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The structural rules governing peptide/MHC (pMHC) recognition by T cells remain unclear. To address this question, we performed a structural characterization of several HLA-A2/peptide complexes and assessed in parallel their antigenicity, by analyzing the frequency of the corresponding Ag-specific naive T cells in A2 + and A2 -individuals, as well as within CD4 + and CD8 + subsets.
We were able to find a correlation between specific naive T cell frequency and peptide solvent accessibility and/or mobility for a subset of moderately prominent peptides. However, one single structural parameter of the pMHC complexes could not be identified to explain each peptide antigenicity. Enhanced pMHC antigenicity was associated with both highly biased TRAV usage, possibly reflecting favored interaction between particular pMHC complexes and germline TRAV loops, and peptide structural features allowing interactions with a broad range of permissive CDR3 loops. In this context of constrained TCR docking mode, an optimal peptide solvent exposed surface leading to an optimal complementarity with TCR interface may constitute one of the key features leading to high frequency of specific T cells. Altogether our results suggest that frequency of specific T cells depends on the fine-tuning of several parameters, the structural determinants governing TCR-pMHC interaction being just one of them. The Journal of Immunology, 2014, 193 : 000-000.
T cells play a central role in vertebrate immune systems by protecting the organism against the proliferation of different infectious agents such as viruses, bacteria, or protozoa as well as tumor cells. To achieve these goals, T cells display at their surface specific receptors, the ab TCRs able to discriminate between peptide fragments derived from self or foreign proteins, presented by proteins coded by MHC genes. Since the structure determination of the first TCR-peptide/MHC (pMHC) complex (1, 2) , ∼80 structures of such ternary complexes are now available in the Protein Data Bank, including murine and human TCRs, class I and class II MHC molecules, syngeneic, allogeneic, and xenogenic MHC molecules as well as self-and non-self-Ag peptides. They provide us with a structural insight into several key features of TCR-pMHC recognition such as TCR plasticity, MHC restriction, cross-reactivity, alloreactivity, immunodominance, and autoimmune TCR recognition. Unfortunately and because of the extreme diversity of the TCRs, the versatility of the TCR for docking onto the pMHC, and the exquisite sensitivity of this recognition event, these available structural data did not allow yet establishing general rules governing cognate TCR-pMHC interactions. As an illustration, only 3 MHC class I residues (65, 69, and 155) were identified as being always involved in contacts with the TCR in all the TCR-pMHC-I structures determined so far (3), except in one very recently determined ternary complex (4) . However, the contribution of these residues to the interaction varies from one TCR to another, and these residues do not constitute a conserved energetic hotspot for TCR docking (5) . They rather constitute MHC triads that the TCR can barely avoid to contact, given the structural constraints governing the TCR-pMHC docking.
Another possible approach used to shed light on the largely unknown rules governing TCR-pMHC recognition is to look at correlates between general structural characteristics of pMHC complexes and the nature of the T cell repertoire specific for a given pMHC. It may allow obtaining a much broader view of the impact of the pMHC structure features on the T cell response because looking at a few specific clones is clearly not sufficient to provide a detailed picture of the TCR-pMHC recognition signature. Several indicators of the efficacy of the T cell immune response, such as the ability of the antigenic peptide to be efficiently displayed by MHC molecules, the frequency of T cells reactive to a given pMHC complex or the avidity of T lymphocytes for the cells presenting a given Ag are potentially correlated with structural and thermodynamic properties of pMHC. By comparing the diversity of a T cell immune repertoire subset specific for different peptides presented by H-2D and collaborators have observed that a featureless peptide from influenza, NP 366 , was selecting a limited T cell repertoire, along with the emergence of "public" (i.e., present in numerous unrelated individuals) TCR b-chains. By contrast, a much more prominent influenza peptide, PA 224 , was shown to select a diverse and "private" T cell repertoire. Furthermore, analysis of a PA 224 mutant, in which the protruding arginine in position 7 was replaced by an alanine, showed that the reduced protuberance of the variant was also associated with a reduced diversity of the selected T cell repertoire (6) . These results were in line with previous observations made on buried and featureless influenza epitope presented by HLA-A2, which selected an highly biased TCR repertoire (7) . However, the analysis of two immunodominant epitopes from the human CMV protein pp65 presented by HLA-B*3508 showed that a prominent 12-mer peptide was selecting a public highly restricted TCR repertoire, whereas a nonprominent 8-mer peptide was selecting a much more diverse TCR repertoire (8) . Therefore, the connection between pMHC structural characteristics and the nature of the specific T cell repertoire is complex and remains to be established.
Until recently, little was known about the characteristics of Agspecific naive T cell repertoire, essentially because of the low frequency (in the 10
25

-10
26 range) of most specific T lymphocytes.
Using a new approach based on pMHC oligomers staining and allowing ex vivo measurement of the frequency of naive T cells specific for a given pMHC in mice, Jenkins and collaborators recently showed that the frequency of murine naive CD4 + T cells was positively correlated with both the repertoire diversity and response magnitude (9) . This observation was then confirmed on murine CD8 + T cells (10, 11) . However, a consistent relationship between the frequency of naive T cells and the magnitude of the immune response is not always observed (12, 13) and indicate that other factors play a significant role such as the prevalence of high-avidity T cells in the naive repertoire (14) . Moreover, although chromophorelabeled pMHC tetramers staining is recognized as a valuable approach to accurately estimate the frequency pMHC-specific T cells, in a few cases, functionally competent pMHC-specific T cells are not stained by tetramers bearing the same pMHC (15) . Such phenomenon, thought to concern preferentially CD4 + T cells and self-Ag (15, 16) , may be accounted for by either different affinity threshold required for pMHC tetramer binding to T cells and functional T cell activation (17) or significant pMHC tetramer dissociation rates (16) . In these cases, the pMHC tetramer staining technique may lead to underestimate the frequency of pMHC specific cases, whereas in other cases, it provides a fair estimate pMHC-specific T cell frequency (18) . Nevertheless, the approach first described by Moon et al. (9) and then adapted to human (19, 20) opens up new investigations of possible relationship between the frequency of naive T cells specific for a given pMHC and the overall structural characteristics of this pMHC. This is further supported by the fact that a higher frequency of naive specific T cells goes along with a higher diversity (6, 9, 21 ) and the diversity and the possible bias in TCR gene segment usage of the naive T cell repertoire specific for a given Ag correlate well with the diversity observed in the selected T cell repertoire after primary immune response (9, 10, 12) .
In this study, we present ex vivo frequency measurements of T cells specific for several viral and tumoral peptides, presented by the HLA-A*0201 MHC class I molecule (referred to as A2 later on) and structural characterization of the corresponding pMHC complexes. Because the naive repertoires specific for the set of peptides studied cover a wide range of frequency (10
23
- 10 26 ), we have gathered a unique data set of pMHC Ags to tackle the structural bases of pMHC immunogenicity. By analyzing the frequency of T cells specific for given pMHC class I complexes not only within CD8 + but also CD4 + T cell peripheral subsets from both A2 + and A2 2 individuals, we should in principle be able to unveil the relationships between pMHC structural features and several parameters, such as selection by the restricting HLA allele versus intrinsic TCR cross-reactivity for a given pMHC, and possibly establish rules that govern pMHC antigenicity. Overall, our data showed that there is no straightforward correlation between a single structural feature of the peptide-MHC complex and the frequency of specific naive T cells. They suggest instead that beyond thymic and peripheral selection processes, pMHC antigenicity is determined by a mixed contribution of several structural parameters, such as favored interaction with CD8 coreceptor or germline TCR loops, peptide prominence, and/or mobility. Even if the preferred usage of a given TRAV segment is often associated with high frequency of naive specific T cells, we demonstrated that the ability of the non-TRAV-encoded TCR loops to form productive contact with the peptide is also essential.
Materials and Methods
Protein expression and purification of peptide-HLA-A2
Both HLA-A*0201 H chains and b 2 -microglobulin were produced separately as described previously (22) (23) (24) . In brief, the A245V mutant of the HLA-A*0201 H chain tagged at the C terminus with a biotinylation sequence was cloned into pHN1 expression vector as described in Ref. 22 . Recombinant proteins were produced as inclusion bodies in the XA90F'LaqQ1 Escherichia coli strain. The inclusion bodies were solubilized in 8 M urea, 50 mM MES (pH 6.5), 0.1 mM DTT, and 0.1 mM EDTA, incubated overnight at 277 K, and centrifuged 30 min at 100,000 3 g. The supernatant was collected and frozen at 193 K. The pMHC complex refolding step was done by flash dilution of a mix of 21 mg HLA-A*0201, 10 mg b 2 -microglobulin, and 10 mg of the synthetic peptide (GL Biochem) into 350 ml 100 mM Tris (pH 8), 400 mM, L-arginine HCl, 2 mM EDTA, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, 2 Complete EDTA-free mixture inhibitor tablets (Roche Diagnostics). The refolding solution was then incubated for 4-5 d at 277 K and concentrated with a 30-kDa cutoff membrane (Vivacell system). The pMHC complex was purified on a MonoQ 5/50 column with a fast protein liquid chromatography system equilibrated in a 10 mM Tris (pH 8) buffer. It was eluted with 100-150 mM NaCl and concentrated with Amicon-10 or Amicon-30 devices to reach a final protein concentration of 2.5-5 mg/ml.
Determination of tetramer-specific T cell frequencies and repertoire overlaps
The frequencies of naive human T cell directed against the various pA2 complexes used in this study were determined by peptide-MHC tetramer staining as described previously (19) . Briefly, PBMCs were obtained from human CMV, hepatitis C virus, and HIV-seronegative donors (Etablissement Français du Sang, Nantes, France) by Ficoll density gradient centrifugation (LMS, eurobio, Les Ulis, France). A total of 10 8 freshly isolated PBMCs were incubated with 200 ml dye-conjugated tetramers (PE-and/or APC-labeled, 10 mg/ml) for 30 min at room temperature, and then washed with 15 ml ice-cold sorter buffer (PBS plus 0.5% BSA plus 0.2% EDTA). The tetramer-stained cells were then enriched using anti-dye Ab-coated immunomagnetic beads. The resulting enriched fractions were stained with anti-CD14, -CD16, -CD19, -CD3, -CD4, -CD8, -CD45RO, -CD11a, and -CD27 labeled mAb and 7-aminoactinomycin D (BD Biosciences). Stained samples were then collected on a Canto II flow cytometer (BD Immunocytometry Systems) and analyzed using FlowJo software (Tree Star). Counting beads (Life Technologies) were used to make sure that the entire cell sample had been collected. Crystallization, diffraction data collection, processing, and refinement Crystals of the different peptide/HLA-A2 binary complexes were grown by the hanging drop technique at 293K. Crystals were first obtained in drops of 2 ml of the 3.5-5 mg/ml protein solution and 2 ml of the reservoir solution (9-15% PEG 6000, 0.1 M trisodium citrate [pH 6.5] or 0.1 M MES [pH 6.5] or 0.1 M sodium cacodylate [pH 6.5], 0-0.1 M NaCl). Diffracting crystals were obtained by microseeding technique: freshly prepared seeds were first made from peptide/HLA-A2 crystals with seed bead (Hampton Research) and a stabilization solution (mother liquor with PEG 6000 concentration increased to 20%) and then diluted in the same solution, and 1 ml of the seed solution was added on the crystallization drop after 24 h.
Prior to being flash frozen in liquid nitrogen for diffraction experiment, crystals were soaked in a cryoprotectant solution (mother liquor with PEG 6000 concentration increased to 30%). All data were collected at 100K on beamlines either ID14-eh2, ID14-eh3, ID14-eh4, ID23-eh1, ID23-eh2, or ID29 of the European Synchrotron Radiation Facility at different wavelengths and using the specific charge-coupled device detector depending of the beamline (MARCCD 165 mm or ADSC Quantum 4 or ADCS Quantum 135R).
Data processing was performed using XDS (25) and is summarized in Supplemental Table I . Peptide-HLA-A2 complex crystals belong to the monoclinic space group P2 1 with a = 51-53 Å , b = 79-81 Å , c = 55-57 Å , and b=112-114˚as unit cell parameters.
Structure determination of the different HLA-A2 binary complexes was performed by molecular replacement with AMoRe (26) and using NVL-HLA-A2 crystal structures (Ref. 24 , Protein Data Bank entry code 3MRC; http://www.rcsb.org/pdb/home/home.do) as initial model. The refinement protocol used for all complex structures included several cycles of refinement with REFMAC (27) , followed by manual model rebuilding with Coot (28), until no interpretable electron density could be identified in the residual map. Final refinement statistics and Protein Data Bank entry are summarized in Supplemental Table I . Solvent exposed surfaces were calculated with AREAIMOL program (27) , using a 1.4-Å diameter probe.
Results
Structure determination of viral and tumor peptides in complex with HLA-A2
To identify possible general relationships between structural properties of a pMHC complex and the frequency of specific naive T cells, we have solved the crystal structure of eight viral and tumoral peptides and/or some of their variants in complex with A2 (Supplemental Table I ). The list of peptides includes an immudominant epitope of human CMV pp65 tegument protein, pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] (NLVPMVATV, from now on referred to as NLV), one epitope from EBV, BMLF1 280-288 (GLCTLVAML referred to as GLC), one epitope from hepatitis C virus, NS3 1073-1081 (CINGVCWTV referred to as CIN), a modified decapeptide from Melan-A MART1 protein MART1 [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] (ELAGIGILTV referred to as ELA), and a decapeptide from the human PG transporter, pgt [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] (LLAGIGTVPI, referred to as LLA), identified as a Melan-A MART1 analog (29) . Overall, the crystal structures of eight pMHC complexes have been refined at resolutions ranking from 1.1 Å (GLC-HLA-A2) to 2.35 Å (ELA I5W -A2) allowing the determination of structural characteristics such as the peptide solvent exposed surface, accurate positioning of the side chains, and thermal motion assessment (see Supplemental Table I (31)) ( Table I ). The overall structure of the A2 molecule is very similar in all the peptide-A2 complexes determined in this study (root mean square difference [r.m.s.d.] ranging from 0.12 to 0.45 Å for the a1a2 HLA domain and with the 3GSO pdb structure used as a reference) and comparable to those already present in the Protein Data Bank. For all the structures, there was no ambiguity in interpreting the electron density for the peptide backbone. According to the conformation of the peptide backbone in the A2 peptide-binding groove, the structures can be split into three families of conformation for nonapeptides (1: CIN, CIN N3S , CIN C6V , that are similar to NLV; 2: GLC, 3: NLV V6C , NLV V6G ; see Fig. 1A ) and one family for decapeptides (ELA I5W , LLA, that are similar to ELA, see Fig. 1B ). Among all the peptide variants studied, most of them adopted a conformation very similar to that of the wild-type peptide (r.m.s.d. ranging from 0.18 to 0.61 Å ), except for two of them, NLV V6C and NLV V6G , which adopted a different conformation at position 4-6 (r.m.s.d. of 1.37 and 0.94 Å , see Fig.  1C ). The latter two variants define the third family of backbone conformations (see above). Indeed, when NLV Val6 is changed to either glycine or cysteine (amino acid at position 6 in CIN), the NLV conformation changed in such a way that the methionine at position 5 becomes buried in the MHC groove, whereas the side chain at position 6 becomes solvent exposed. Such a change was unexpected as in the CIN peptide the cysteine at position 6 is buried in the cleft and acts as an anchor residue.
To widen our studies, we have included in our analysis three well studied T cell epitopes for which the crystal structure was already known: MP 58-66 from influenza [GILGFVFTL, pdb entries 1HHI (32) and 2VLL (33)], HIV p17 GAG [SLYNTVATL, pdb entries 1T21 (34) and 2V2W (35) ] and minor histocompatibility Ag HA-1 [VLHDDLLEA, pdb entry 3FT3 (36)]. The backbones of HIV p17 GAG and HA-1 peptides have a conformation similar to NLV (Fig. 1E) , whereas MP 58-66 has a conformation closer to that adopted by GLC (Fig. 1F) .
Frequency measurements of naive T cells specific for the selected peptide-A2 complexes
The frequency of naive T cells specific for NLV-A2, CIN-A2, CIN N3S -A2, CIN C6V -A2, ELA-A2, ELA I5W -A2, LLA-A2, GIL-A2, SLY-A2 and VLH-A2 were assessed for A2 + and A2 -individuals and for CD8 + and CD4 + T cells as described by Legoux et al. (Table I , Fig. 2 ) (19) . Therefore, these frequency data enable us to investigate the impact of thymic selection, the presence of CD8 coreceptor and possible T cell repertoire cross-reactivity. Because naive CD4 + T cells were not selected by MHC class I molecule in thymus, the measured frequency of naive CD4 + T cells, ranging from 5 3 10 27 to 7 3 10 26 (Table I) , is a fair estimate of the basal T cell response to any pMHC complex, regardless of the coreceptor and thymic selection. The impact of CD8 coreceptor on the frequency could be assessed by comparing CD4 + and CD8 + T cell frequencies in A2 -individuals, avoiding any bias possibly induced by the presence of the peptide during the selection process. An increase by a factor ranging from 5 to 25 could be accounted for by the presence of the CD8, depending on the Ag (Fig. 2C, 2D ). The comparison of the CD8 + T cells frequency in A2 + and A2 2 individuals allowed to assess the impact of the MHC restricting allele presence during the thymic selection process. Heterogeneous results were obtained among the peptides studied. For ELA and LLA, the presence of the A2 haplotype was associated with a 10 times increase in the frequency, although it had no impact on the percentage of high-avidity specific T cells (19) . This suggested that ELA and LLA could be present in the thymus, albeit at low level as no deletion of high avidity T cell clones is observed. For NLV and CIN N3S , a slight or a significant frequency decrease was observed in A2 + , as compared with A2 2 individuals, suggesting that neither the NLV peptide nor a close homolog is present in the thymus. Moreover, the frequency decrease could be explained by the fact that T cell clones specific for some pMHC (e.g., NLV-A2 or CIN N3S -A2) could be more crossreactive with other self-or environmental peptides Ags. This crossreactivity could lead to the negative selection of many specific T cell clones in the thymus (lower frequency) and to the activation of numerous specific T cells in the periphery (lower number of naive T cells in individuals that never encountered the pathogen). Overall, the frequency ratio between A2 + and A2 2 individuals was correlated with the percentage of naive cells among T cells specific for a given pMHC and could be an indicator of the cross-reactivity
The Journal of Immunology of the T cell repertoire (19) . However, the analysis of the frequency of CD8 + and CD4 + naive T cells specific for the A2/ peptide complexes studied in this paper indicated that although the absolute value of frequencies differed, the hierarchy of frequencies between peptide Ags was overall well conserved for CD8 + and CD4 + T cells, as well as for A2 + and A2 2 individuals (Fig. 2) (19) , suggesting a significant role of intrinsic pMHC structural properties. Thus, the structural and frequency data presented in this study should allow us to identify a few parameters underlying the frequency of naive T cells specific for a given Ag.
No systematic correlation between peptide prominence and frequency of specific naive T cells
We have first investigated whether any general coincidence between peptide prominence from the MHC structural groove and the diversity of the naive T cell repertoire specific for a given pMHC could be observed, as suggested by Turner et al. (6) . As the frequency of naive-specific T cell has been shown to be a good indicator of the diversity of such a repertoire (9), we have evaluated the frequency of naive specific T cells for several peptides presented by HLA-A2, in both the CD4 and CD8 compartment and both A2 + and A2 2 individuals. These frequency data have been gathered in Table I with different structural characteristic of the peptide/MHC complexes derived from crystallographic structures. As shown in Fig. 2A , there is no obvious global correlation between the solvent exposed surface of the peptide and the frequency of CD8 + naive T cells specific for a given peptide in A2 + individuals. The same observation is made for A2 2 individuals (Fig. 2C) . High-frequency values are observed for ELA and LLA, whereas their exposed surfaces are within the average for nonaand decapeptides (300-320 Å 2 ). Low-frequency values are observed for both the most buried (GIL, 250 Å 2 ) and the most bulgy peptide (VLH, 386 Å 2 ). At first glance, this observation does not support the assumption that a larger solvent-exposed surface does recurrently constitute a significant advantage (6) or drawback (8) for a peptide to be recognized by T cells. A more in depth analysis of Fig. 2A indicates that we can define two groups of pMHC Ags, with different behaviors. One group includes 8 pMHC for which the frequency of naive specific CD8 + T cells in A2 + individuals is rather low (#10
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, GIL, SLY, CIN N3S , NLV, SSL, KLV, VLH, ELA I5W ). For this group, there seems to be no impact on the prominence of the peptide on the frequency. The second group includes the four pMHC for which the frequency is significantly above 10 25 (ELA, LLA, CIN, and CIN C6V ). For this one, the solvent exposed surface appears to be reasonably correlated with the frequency, with an optimal value around 320 Å 2 , as observed for ELA. Interestingly, the T cell repertoire specific for ELA and LLA exhibit a strong bias on Va segment usage. Indeed, a prevalence of TRAV12-2 is observed in TCRs specific for these peptides, reaching 80% of the repertoire for ELA and 40% for LLA. The frequency of naive specific T cells for a tumoral Ag, Meloe-1, presented by A2 has also been found to be quite high, and estimated to 1/10 of the one observed for ELA (37) . Meloe-1-specific T cells also exhibited a strong bias in the usage of one Va segment (TRAV19). These data suggest two main features: first, the ability of a given TRAV segment to form favorable interaction with a given pMHC complex significantly contribute to the high frequency of T cell specific for this pMHC complex. Second, within a conserved TCR docking mode constrained by the TRAV-pMHC interface, an optimal peptide solvent exposed surface may statistically favors an adequate molecular fit with TCRs.
Impact of substituting bulky residues at positions exposed to the TCR
To further investigate the impact of the peptide solvent exposed surface, we aimed at increasing the prominence of a peptide for which the frequency of specific T cells is already high by substituting a small side chain residue for a bulkier one at positions that were accessible to the TCR. With this aim, the isoleucine at position 5 of the ELA peptide was replaced by a tryptophan. The structure of the ELA I5W variant confirmed that the tryptophan side chain was actually exposed to the solvent, leading to a 64 Å 2 (i.e., 20%) increase of the peptide solvent exposed surface (Fig. 1B, Table I ). Unexpectedly, this modification leads to a 60 times decrease of the frequency of naive specific T cells. At first glance, it suggests that the Ile to Trp substitution impairs the ability of most TRAV12-2 bearing T cells to recognize the pMHC, the T cell frequency for this variant being close to the basal level of T cell frequency for any given pMHC (0.5 10
26
-0. 5 10 25 , in the presence of the proper coreceptor, i.e., CD8). In previously published data, the same ELA variant was shown to be able to activate five of seven ELA-A2-specific T cell clones (38) , indicating that some TRAV12-2 containing TCR could productively bind both ELA-and ELA I5W -A2 complexes, although ELA-and ELA I5W -specific T cell repertoires show a limited overlap (Fig. 3) . In the crystal structure of the Mel5-TCR-ELA-A2 complex (39), the isoleucine side chain in position 5 is caged between CDR1a, CDR2a, and CDR3b. When the ELA I5W variant structure is superimposed to the ELA-A2 moiety of the Mel5-TCR-ELA-A2 complex, the tryptophan side chain engenders steric clashes either with the CDR1a, CDR3a, CDR3b, or with the MHC a2 helix (Supplemental Fig. 1 ). The same observation is made with the two other TCR-ELA-A2 structures published recently (40) and also by modeling the other plausible rotamers of the tryptophan side chain. According to the three available TCR-ELA-A2 ternary complexes, the footprint of the Va domain is quite conserved, with the CDR1a forming a pivotal point. Therefore, activation of some ELA-A2-specific T cells by the ELA I5W variant may be explained by structural adaptation of both CDR3s to create a larger pocket at CDR3 loops interface to fit the larger Trp side chain. However, the nature and the length of the CDR3b may dictate the degree of tolerance for amino acid substitution at position 5. The drastic drop in the frequency suggests that this type of promiscuous clones only represents a small fraction of the ELA-specific T cell repertoire. Therefore, the high frequency of ELA-A2-specific T cell does not seem to be only accounted for by a favorable interaction between Va germline encoded loops and the pMHC. An optimally permissive peptide central region, easily fitted by both CDR3s also seems to play a very significant role, further supporting the proposed hypothesis of an optimal peptide solvent exposed surface favoring high frequency of specific T cells.
Does the mobility of the peptide impact on Ag-specific T cell frequency?
Another parameter that can influence the antigenicity of a given pMHC is the mobility of the peptide within the MHC peptidebinding groove. The interaction between the TCR and a given pMHC is often associated with significant conformational changes of the CDR loops and a negative entropic contribution to the free energy of binding (41) (42) (43) (44) . In some cases, changes in the peptide conformation are also observed upon TCR binding (45) . As the affinity of the TCR for a cognate pMHC is rather moderate [i.e., in the 1-100 mM range (46, 47) ], the energetic cost of stabilizing part of the TCR-pMHC interface can represent a significant contribution to the global free energy of binding. Therefore one can expect that a less mobile peptide could favor TCR binding, as it would reduce the entropic cost of further stabilizing the peptide. Whether this contribution might play a significant role remained to be assessed. The comparison of the average thermal motion of the A2 a-helices and the peptide may indicate how strongly the peptide is anchored in the MHC peptide-binding groove. However, B factors derived from crystallographic structure Protein Data Bank files cannot be directly compared, because they strongly depend on the resolution of the structure, on the overall B factor of the crystal and on the stereochemical restraint scheme used for the refinement process. To overcome these difficulties, we used a normalized relative B factor as defined in Table I , which is positive if the peptide is more mobile than the a1-a2 A2 helices, and negative if it is less mobile. A relative B factor value of 1 means the B factor is 1 s above the mean B factor the HLA-A2 structure, s being the SD of the HLA-A2 B factors distribution. For the three peptide-A2 complexes for which the structure of a complex with a TCR is available in the PDB and for which we have collected frequency data [JM22-MP58-66-A2 (7), RA14-NLV-A2 (24), and Mel5-ELA-A2 (39)], the relative B factor of the peptide is negative, showing that in the ternary complex the peptide mobility is lower than that of the a1-a2 A2 helices. For the corresponding binary complexes, the relative B factor is always significantly higher, ranging from 20.21 to 0.62 for the peptide main chain (Table I ). The relative B-factor is therefore a good indicator of the stabilization of the peptide upon TCR binding, even in the absence of significant conformational changes. By plotting the overall relative B factor of the peptide as a function of the frequency of naive T cell specific for the given peptide, we observed no clear correlation between the peptide mobility and the frequency of pMHC-specific T cells. Most peptides have a quite low average relative B factor, in the 20.3 to +0.6 range, whereas two peptides are significantly more mobile than the others: CIN N3S and CIN C6V (Fig. 4) . The CIN N3S variant is not surprisingly the most mobile (relative B factor of 2.62; Table I , Fig.3 ), as it was designed to disrupt two hydrogen bonds that tight the CIN peptide to the Gln155 residue by a side chain-side chain interaction (Supplemental Fig. 2) . However, the peptide basically keeps the wild-type conformation but a positional shift toward the outside of the MHC groove is observed that ranges from 0.3 to 0.7 Å for extremities (residues 1, 2, 3, 9) up to 1.46 Å at position 6, associated with a significant increase of the peptide solvent exposed surface (323 Å 2 instead of 252 Å 2 ; Fig. 1D ). The mutation is associated with a drastic decrease of the frequency of specific T cells (10 times in comparison with the wild-type peptide) and becomes similar to that of NLV-specific T cells. This drop in frequency is thus likely due, at least in part, to this significant higher mobility that can impact both the TCR-pMHC complex stability and the pMHC half-life. CIN C6V is also quite more mobile, albeit to a lesser extent (relative B of 2.36). However and quite surprisingly, the frequency of naive-specific T cell for this peptide is twice the one of T cells specific for the wild-type peptide, clearly indicating that other parameters can overwhelm the energetic cost of an increased mobility (see below).
Bases for the different frequencies of T cells specific for either NLV or CIN
In our approach to understand the bases that govern the immunogenicity of different peptide-A2 complexes, we have compared into more details the NLV-A2 and CIN-A2 complexes. NLV and CIN are nonapeptides, which adopt a similar conformation in the HLA-A2 peptide-binding groove (Supplemental Fig. 3) , the CIN peptide being just slightly more buried (Table I) , especially in the central region of the peptide where positional difference reaches 0.9 Å (Ca distance at position 6). Therefore, the difference in frequency of naive specific T cells observed for these two peptides (NLV: 0. 35 
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) is likely to originate from the nature of the side chains. We thus designed two variants of these two peptides by substituting CIN residues for NLV's and vice versa, at the secondary anchoring position 6. The NLV V6C -A2 structure showed that the peptide adopted a completely different conformation in comparison with the wild-type Ag (see above and Fig. 1C ). This suggests that the conformational stability of NLV relies on the buried valine at position 6, presumably because exposing it to the solvent would be energetically too costly. This observation highlights the significance of structural characterization in evaluating the impact of peptide amino acid changes on immunogenicity. In this study, the amino-acid modifications has changed the register of side chains that is presented to the TCR, strongly impacting a large portion of the epitope and preventing any simple analysis of the role of the side chain type at NLV position 6 for TCR recognition.
The CIN C6V variant was designed to substitute the valine aminoacid found at position 6 in NLV to the cysteine of CIN. If the extremities remain basically unchanged (shifts of 0.2-0.3 Å for residues 1, 2, 3, and 9), we observe a 1.4 Å displacement of residues 6 and 7 toward the outside of the groove to avoid steric hindrance with A2 residues 69, 70, and 73. The path of NLV peptide backbone falls in between that of CIN peptide (more buried) and CIN C6V peptide (less buried), but remains more similar to CIN. Both the CIN C6V solvent exposed surface (295 Å 2 instead of 252 Å 2 for the wild-type CIN peptide) and mobility (mean relative B factor of 2.36) are increased compared with the CIN, albeit to a lesser extent than the one observed for the CIN N3S variant. Unexpectedly, the frequency of T cells specific for this peptide variant is not closer to that of NLV specific T cells, but instead twice higher than the one observed for the wild-type CIN peptide. Moreover, ∼50% of the CIN-specific T cell repertoire is also cross-reactive for CIN C6V indicating that many TCRs can adapt to both the wild type and the C6V variant CIN epitope (Fig. 3) . How can moderate changes in peptide position lead to drastic modification of specific T cell frequency? First, the position of the Trp7 side chain is the most significantly impacted by the mutation at positions 3 and 6. The overall displacement of the side chain outside of the groove reaches 2.6 and 4.6 Å for the CIN C6V and CIN N3S variants, respectively, and is further illustrated by the increased solvent exposed surface of the side chain (Fig. 1D , Table I ). Thus, a more solvent exposed Trp side chain may facilitate the interaction with TCRs, as observed previously for pMHC class II murine complexes (21) . The increased prominence harbored by the CIN C6V variant possibly represents an optimum for productive interactions with the TCR CDR3 loops, whereas the one of CIN N3S may be beyond this optimum. The fact that half of T cells that recognize CIN also recognize CIN C6V suggests a similar TCR docking mode on these two closely related epitopes. Second, the CIN C6V variant has its extremities significantly more stable than the central region, indicating a more conserved anchoring in the MHC peptide-binding groove in comparison with CIN N3S . Thus, the increased CIN C6V mobility may be sufficient to favor TCR interaction possibly throughout an increased plasticity at the TCR-pMHC interface, but not enough to impaired pMHC stability. Third, the A2 Gln155 also adopts different position. In the wild-type CIN-A2 structure, the Gln155 side chain forms two hydrogen bonds with the side chain of CIN Asn3 and is also at hydrogen bond distance from the Trp7 Nε1 atom. In the CIN C6V , there is a 2.3 Å shift of the amine group. One hydrogen bond with CIN Asn3 is maintained whereas the one with Trp7 is lost (Supplemental Fig. 2) . In CIN N3S , the Gln155 conformer is completely different, with its amine group pointing outside of the peptide binding groove and forming no hydrogen bonds with the peptide. As Gln155 is one of the three MHC class I residue that have been almost always seen to be contacted by the TCR (5), one cannot exclude that the repertoire of specific T cell may also depend on the conformation of this central A2 residue.
Discussion
One of the much-debated questions regarding TCR recognition of peptide-MHC complexes is whether some structural signatures of an efficient T cell response can be identified. In the current study, we have looked for possible connections between structural characteristics of a few different class I pMHC complexes and the Table I frequency of specific naive T cells in the whole peripheral T cell repertoire, reflecting their antigenicity. On the one hand, the most buried peptide (CIN) presenting a quite featureless pMHC surface to the TCR, is associated with a rather high frequency of naive specific T cells. On the other hand, the highest frequency is observed for peptides (ELA, LLA) for which the protuberance is significantly lower than the one of the least antigenic peptides (NLV, HA-1). Moreover, introducing a bulkier residue on ELA central region, increasing the solvent exposed surface by 20% led to a decrease of the frequency of specific T cells by a factor of 60.
Our data seem at odds with the concept that the number of TCR able to productively interact with a featureless pMHC surface might be significantly lower, because of the need of specific amino acids and a specific spatial distribution to interact with a buried peptide, as previously illustrated by the recognition of the influenza Ag MP 58-66 -A2 by the immunodominant public TCR JM22 (7) . The data obtained by Wynn et al. (8) on two hCMV peptides presented by HLA-B*3508 also showed that a quite prominent 12-mer peptide (427 Å 2 of peptide solvent exposed surface) selected much less diverse highly biased T cell-specific repertoire, whereas a quite buried 8-mer peptide (220 Å 2 of peptide solvent exposed surface) selected a diverse T cell repertoire. In this context, the observations made by Turner et al. (6) on two influenza peptides presented by the murine MHC molecule H-2D b cannot be generalized. Instead, the whole set of data suggests that an optimal prominence, corresponding to a peptide solvent exposed surface in the range of 280-330 Å 2 , may statistically favors productive interaction with TCRs and could more easily induce high frequency of specific T cells. The different conformations and solvent exposures of the Trp7 in CIN and their variants as well as the data obtained on the ELA I5W variant may also support this concept of an optimal solvent exposed surface, that enable a maximum number of interatomic contacts with the TCR, without detrimental steric hindrance. Either more prominent or more featureless peptide may require a more specific set of TCRs, illustrated by a combination of biased usage in TRAV or TRBV gene segment and/or CDR3 loops, to form a productive interaction, thus leading to the selection of a restricted T cell repertoire. However, the peptide solvent exposed surface is clearly not the only structural parameters correlated with the frequency of specific T cells.
The mobility of the peptide can undoubtedly influence peptidespecific T cell frequency. The affinity of the peptide for the MHC molecule and the half-life of the pMHC complex have been previously shown to impact the selection of a T cell repertoire (10, 48, 49) . In this study, the destabilized CIN N3S peptide anchoring may have induced the observed significant frequency decrease. Moreover, TCR docking is always associated with a significant decrease of the peptide mobility, especially in the peptide central region (Table I) , highlighting the entropic cost for stabilizing TCR-pMHC interface. Nevertheless, there is no systematic correlation between frequency and peptide mobility, because the peptides for which the naive-specific T cells are the more frequent are either very rigid (ELA, LLA) or quite mobile (CIN C6V ) (Table I) . Thus, one cannot exclude that a significant albeit limited mobility could provide the peptide with some plasticity that may widen the repertoire of specific T cells, as suggested by the data on CIN C6V variant. Our data combined with previous observation confirm that the mobility of the peptide remains a genuine parameter governing the antigenicity, albeit with a contribution that can be counterbalanced by other parameters.
In the examples studied in this paper, with the exception of CIN C6V for which the information is not available, a high frequency of naive specific T cells is always associated with a preferred usage of a given TRAV segment. ELA-A2 and LLA-A2 clearly possess a structural motif involving both the MHC and the peptide that forms stabilizing interactions with the TRAV12-2 encoded segment, as suggested by the biased usage of this gene segment and by the several TCR-ELA-A2 structures available to date (39, 40) . Therefore, the high frequency of T cells specific for these pMHC may originate from a structural predisposition of all TRAV12-2 encoded TCRs to interact with ELA-A2 and LLA-A2. However, the fact that the CD8 + naive-specific T cell frequency for ELA and LLA is similar, whereas the contribution of T cell clones using TRAV12-2 segment differ significantly (80% for ELA and 40% for LLA) suggests that such a bias is not the exclusive cause of frequent specific T cells. Moreover, we demonstrated that the very high frequency of ELA-specific naive T cell is not solely accounted for by the favorable interactions between the TRAV12-2 and the ELA-A2 complex but also by an optimal fit between the central region of the peptide and the CDR3 loops. Indeed, the frequency data obtained on the ELA I5W variant (see above) show that a more prominent side chain can drastically reduce the number of TCR able to engage a productive interaction, even if the protruding residue is a tryptophan, an amino-acid known to favor interaction with TCR (21) . Thus, if the predisposition of a pMHC to interact with a given TRAV-encoded segment should logically favor interaction between this pMHC and all the TCRs using this TRAV segment, our data suggest that the rest of the pMHC epitope also plays a significant role.
Our data demonstrated that thymic selection also affects the frequency of pMHC-specific T cells. The presence of the peptide in thymus seems to positively impact the frequency, as observed for ELA and LLA. Such an effect should logically be restricted to selfpeptide (ELA or LLA) or to foreign peptides that possess a significant homology with a self-peptide involved in positive selection (as it is possibly the case for CIN, but the homologous self peptide remains to be determined). As previously proposed (19) , the presence in low amounts of the cognate peptide in the thymic APCs may favor the positive selection of sufficiently high-avidity specific T cells, biasing the selected repertoire for the recognition of this self peptide. The propensity of naive T cells specific for a given pMHC to cross-react with other self-or environmental peptide Ags could clearly downmodulate the overall frequency of naive-specific T cells. Indeed, the cross-reactivity of the specific T cell repertoire may lead to either negative selection in the thymus or to activation of a significant part of this repertoire in the periphery. However, such a cross-reactivity is yet impossible to predict. Anyway, the ratio between CD8 + naive specific T cell frequencies in A2 + and A2 2 individuals, when above one, may indicate the degree of homology with a putative selecting peptide and may be used to guide peptide modifications that aims at increasing its antigenicity. In the current study, the presence of the proper coreceptor, CD8 for class I MHC molecules, is always associated with an increase of the frequency. As CD8 interacts with the MHC a3 domain, the presence of CD8 constitutes an additional interface that stabilizes the TCR-pMHC complex. However, the amplitude of this increase is quite heterogeneous. The largest increase (factor between 20 and 25) is observed for ELA, LLA, GIL, and two CIN N3S and CIN C6V variants. Intermediate values (10-15 times) are observed for CIN, ELA I5W and VLH. Lowest values (5-fold increase) are observed for NLV and SLY. According to what is known about CD8-MHC interactions, an influence of the pMHC structure on the ability of the CD8 to interact with the a3 domain of the MHC is unlikely. A more significant impact of the CD8 presence may be explained by a higher ratio of moderate or low-affinity TCR within the specific T cell repertoire as suggested by the work of Holler and Kranz on mice TCR (50) and Laugel et al. on human
The Journal of ImmunologyTCR (17): in both species, a TCR-pMHC K D , 3 mM lead to CD8 independent T cell activation, whereas for TCR-pMHC K D . 30 mM, the presence of CD8 was essential for full T cell activation. The frequency of T cells specific for the most mobile CIN N3S and CIN C6V peptides in this study is among the most impacted by the presence of CD8 (increase by a factor ∼25). Such an observation is consistent with the idea that more flexible peptides may overall interact with lower affinity with TCRs because of the entropic cost of stabilizing the peptide. The percentage of naive T cells in the specific repertoire may also impact this increase factor because the presence of CD8 is likely more significant for naive T cells than for already high-avidity memory T cells. However, this remains to be experimentally confirmed. On a structural point of view, the impact of the coreceptor on the frequency is reminiscent of that of a favorable interaction between a germline encoded TCR region and the pMHC as described for ELA and LLA: both mechanisms offer a partial but recurrent contribution to the TCR-pMHC complex stability.
Our data show that even though the thymic selection process and the presence of the antigenic peptide or related ones in the thymus influence the frequency of pMHC-specfic T cells, one is able to identify a few clues on how pMHC structural properties impact the frequency of naive-specific T cells. A modest but recurrent contribution to matching interfaces, such as the CD8/a3 or the TRAV12-2-ELA/A2 interface, clearly enhances the frequency of specific naive T cells. However, statistically optimal fit of the peptide central region with the CDR3a/CDR3b pocket also contributes to a higher frequency, as suggested by our data on ELA and CIN. Indeed, decreasing the peptide solvent exposed surface may sometimes lead to improve the pMHC antigenicity (ELA versus ELA I5W ). Furthermore, we showed that increasing the peptide mobility in its central region may also increase the frequency of specific naive T cells (CIN versus CIN C6V ) because it likely enhances the spectra of TCR able to interact with it without reducing the affinity of this interaction below a certain threshold. Thus the solvent exposed surface of the peptide and the plasticity of its central region appear to be genuine parameters governing the frequency of specific T cells. Finely tuning these parameters, albeit challenging, may truly open ways to efficiently modulate pMHC antigenicity.
